Abstract. The recent progress in the studies of nuclear charge-exchange excitations with localized covariant density functional theory is briefly presented, by taking the fine structure of spin-dipole excitations in 16 O as an example. It is shown that the constraints introduced by the Fock terms of the relativistic Hartree-Fock scheme into the particle-hole residual interactions are straightforward and robust.
Introduction
During the past decades, the covariant density functional theory (CDFT) has received wide attention due to its successful descriptions of both ground-state and excited-state properties of nuclei all over the nuclear chart. In this report, we will mainly focus on our recent progress in the localized covariant density functional constrained by the relativistic Hartree-Fock (RHF) theory, and its applications on nuclear charge-exchange excitations [1] .
Nuclear charge-exchange excitations are crucial to understand many important topics in nuclear physics, astrophysics, and particle physics, such as nuclear spin and isospin properties, effective nucleon-nucleon tensor interactions, neutron skin thickness, nuclear β-decay rates in r-process nucleosynthesis, unitarity of Cabibbo-Kobayashi-Maskawa matrix, and so on.
The fully self-consistent descriptions of charge-exchange excitations in CDFT [2] [3] [4] [5] [6] were achieved only recently in Ref. [7] with the random phase approximation (RPA) based on the densitydependent RHF theory [8] . The characteristics of isobaric analog and Gamow-Teller (GT) resonances [7, 9] as well as the fine structure of spin-dipole (SD) resonances [10] can be nicely understood by the delicate balance between the σ-and ω-meson fields via the exchange terms. Nevertheless, the RHF theory includes non-local potentials, which is much more involved than the conventional CDFT at the Hartree level. Therefore, it is also desirable to stay within the Kohn-Sham scheme and to find Recently, we started from the important observation that one of the successful and widely used RHF parametrizations PKO2 [11] includes only three relatively heavy mesons, σ, ω, and ρ, but no pions. As the masses of these mesons are relatively heavy, the zero-range reduction for the corresponding finite-range Yukawa propagators becomes a reasonable approximation. As a further step, the Fock terms can be expressed as local Hartree terms with the help of the Fierz transformation. In such way, a Hartree-Fock equivalent covariant density functional can be derived while the constraints introduced by the Fock terms of the RHF scheme can be taken into account. The RHF equivalent parametrization thus obtained is called PKO2-H [1] . For details, the formalism for the effective Lagrangian density as well as the zero-range reduction and Fierz transformation can be found in Ref. [1] .
In the previous studies, the capability of the localized RHF equivalent RPA for nuclear chargeexchange excitations has been examined by considering the GT resonances in 208 Pb and 90 Zr as well as the total strength distributions of SD resonances in 90 Zr [1, 12] . In the following, we will further verify the present approach by comparing with the fine structure of SD excitations in 16 O, in which the strength distributions from each individual spin-parity component (J π = 0 − , 1 − , and 2 − ) have been identified by using the 16 O( p, n) 16 F reaction with a polarized proton beam [13] . Such detailed experimental data provide a rigorous calibration for the theory. − contributions are shown as the dash-dotted, dotted, and dashed lines, respectively, while their sum is shown as the solid line. The energy of the lowest RPA state is taken as reference and a Lorentzian smearing parameter Γ = 1 MeV is used. The experimental data [13, 14] are shown with arrows, whose widths illustrate the widths of the corresponding resonances. The left panel is taken from Ref. [15] .
Results and Discussion
In the left and right panels of Fig. 1 , the strength distributions of SD excitations in 16 O for the (p, n) channel calculated by the RHF+RPA approach [7] with PKO2 [11] and RHF equivalent RPA with PKO2-H [1] are shown, respectively, by taking the lowest RPA state as reference. The spinparity J π = 0 − , 1 − , and 2 − contributions are shown as the dash-dotted, dotted, and dashed lines, respectively, while their sum is shown as the solid line. For comparison, the experimental low-lying INPC 2013 SD excitations [14] and SD resonances [13] are denoted with arrows, whose widths illustrate the widths of the corresponding resonances.
From the recent experiment using a polarized proton beam [13] , it is observed that the peak at E x ≈ 0 MeV is composed of the 0
1 triplets dominated by the J π = 2 − component, while the main SD resonance at E x ≈ 7.5 MeV and a "shoulder" at E x = 5.86 MeV are found to be J π = 2 − states. It is also identified that the broad SD resonances at E x ≈ 9.5 and 12 MeV are formed by the mixture of J π = 1 − and 2 − states, where the former resonance is dominated by the J π = 2 − component and the latter one is dominated by the J π = 1 − component. Theoretically, as shown in the left panel, it has been found that not only the general profiles but also the details of the J π = 0 − , 1 − , and 2 − excitations can be well reproduced by the RHF+RPA calculations [15] . Now, as shown in the right panel, the localized RHF equivalent RPA calculations provide almost identical results to the RHF+RPA ones, and are also in an excellent agreement with the experimental data. Specifically, the 0
triplets are found at E x ≈ 0 MeV. The main giant resonance at E x ≈ 7.5 MeV as well as its "shoulder" structure at E x ≈ 6 MeV generated by the J π = 2 − component are excellently reproduced. The broad resonances at E x ≈ 10 and 11 ∼ 13 MeV are also understood as the mixture of the J π = 1 − and 2 − excitations. According to the transition strengths, the former resonance is dominated by the J π = 2 − component, while the latter one is dominated by the J π = 1 − component. Therefore, it is further confirmed by the fine structure of SD excitations that the constraints introduced by the Fock terms of the RHF scheme into the particle-hole residual interactions are straightforward and robust.
Summary and Perspectives
In summary, a new local RHF equivalent covariant density functional was proposed recently, where the constraints introduced by the Fock terms of the RHF scheme have been taken into account. In this way, the advantages of existing relativistic Hartree functionals can be maintained, while the problems in the isovector channel can be solved. This opens new and interesting perspectives for the development of nuclear local covariant density functionals with proper isoscalar and isovector properties.
To follow this direction, the investigation on the relativistic local density approximation (LDA) for the Coulomb Fock terms has also been preformed [16] . This approximation is composed of the well-known Slater approximation in the non-relativistic scheme and the corrections due to the relativistic effects. The study of the semi-magic Ca, Ni, Zr, Sn, and Pb isotopes from proton drip line to neutron drip line has demonstrated that the exact Coulomb exchange energies can be reproduced by the relativistic LDA within 5%.
In order to extend this approach to the deformed systems, one of the ongoing projects is the selfconsistent relativistic RPA based on the above functionals with the finite amplitude method (FAM) [17, 18] . The FAM provides an efficient way to find the solutions of RPA equation, in particular, when the dimension of the matrix is huge as in the deformed case. The feasibility of the FAM for CDFT has been demonstrated [19] . Furthermore, it is found that the effects of the Dirac sea can be taken into account implicitly in the coordinate-space representation and the rearrangement terms due to the density-dependent couplings can be treated practically without extra computational costs.
